AT A GLANCE COMMENTARY Scientific Knowledge on the Subject
Very few controlled data regarding combination therapy for pulmonary arterial hypertension are available.
What This Study Adds to the Field
This study demonstrates the safety and efficacy of the addition of iloprost in patients with pulmonary arterial hypertension who remain symptomatic while on bosentan.
the impetus for developing alternative approaches. Two alternative modes of delivery for prostanoids have been developed: the subcutaneous route for treprostinil and the inhaled route for iloprost (6) (7) (8) (9) (10) . In a randomized, placebo-controlled study (Aerosolized Iloprost Randomized [AIR] study), inhaled iloprost was demonstrated to be efficacious therapy for PAH based on a combined endpoint of improvement in modified New York Heart Association (NYHA) functional class, 10% or greater improvement in 6-min-walk distance (6-MWD), and absence of clinical deterioration or death after 12 wk of therapy (8) . Randomized, placebo-controlled trials with the oral dualendothelin receptor antagonist bosentan have demonstrated improvements in symptoms, exercise capacity, hemodynamics, and the time to clinical worsening in patients with PAH (11, 12) . A long-term observational study has suggested that first-line therapy with bosentan, followed by other therapies if needed, improves survival in patients with idiopathic PAH (IPAH) (13) . A large, randomized, placebo-controlled trial with the oral phosphodiesterase inhibitor sildenafil has also demonstrated improvements in symptoms, exercise capacity, and hemodynamics (14) . Although all three classes of therapy improve important efficacy endpoints, monotherapy rarely results in a normalization of exercise capacity or hemodynamics. As in other conditions with multiple pathogenic pathways, combination therapy targeting several of these pathways may produce greater benefit in patients with PAH.
In clinical practice, bosentan is often used for initial therapy due to its ease of administration. For patients who remain impaired but for whom continuous intravenous or subcutaneous prostanoid therapy, in the opinion of the physician or the patient, is not yet indicated, the addition of inhaled iloprost to bosentan is a potentially attractive clinical option. In this study (STEP study [Safety and pilot efficacy Trial in combination with bosentan for Evaluation in Pulmonary arterial hypertension]), we assessed the safety and efficacy of the addition of either inhaled iloprost or placebo in patients with PAH receiving therapy with bosentan.
METHODS

Selection of Patients
Between June 2004 and October 2004, we enrolled patients aged 10 to 80 yr with symptomatic PAH receiving bosentan for 4 mo or more. Entry requirements included a 6-MWD of 100-425 m, resting mean pulmonary artery pressure greater than 25 mm Hg, pulmonary capillary wedge pressure less than 15 mm Hg, and pulmonary vascular resistance of 240 dyn · s · cm Ϫ5 or greater. Patients with thromboembolic disease, untreated obstructive sleep apnea, portal hypertension, chronic liver disease or renal insufficiency, left-sided or unrepaired congenital heart disease, or substantial obstructive (FEV 1 /FVC Ͻ 50% predicted) or restrictive (total lung capacity Ͻ 60% predicted) lung disease were excluded. Concurrent anticoagulants, vasodilators, diuretics, cardiac glycosides, or supplemental oxygen were allowed; phosphodiesterase inhibitors or other prostanoids were not. The protocol was approved by the ethics review boards at all participating institutions, and all patients provided written, informed consent.
Study Design
Eligible patients were assigned to add either iloprost inhalation (dose, 5 g; Ventavis; CoTherix, Inc., South San Francisco, CA) or placebo to existing therapy with oral bosentan (dose, 125 mg twice daily; Tracleer; Actelion, Allschwil, Switzerland) in a double-blind, 12-wk study. Randomization was communicated to sites using a blinded interactive voice response system, and was stratified and blocked according to etiology: IPAH or associated PAH (APAH; i.e., collagen vascular disease, repaired congenital heart disease, HIV infection, or anorexigen use). The study drug was inhaled six to nine times daily while awake using the Prodose AAD device (Profile Therapeutics PLC, West Sussex, UK). An open-label extension phase of 1-yr duration followed the doubleblind phase. An independent data safety monitoring board reviewed safety data.
Outcome Measures
Exercise capacity was assessed using the unencouraged 6-MWD, performed preinhalation at baseline, postinhalation (at 30 Ϯ 15 min) at Weeks 4 and 8, and at both time points at Week 12, with the two tests separated by at least 2 h and the temporal sequence randomized (i.e., whether pre-or postinhalation). NYHA functional class and postinhalation Borg dyspnea score were also assessed at baseline and Weeks 4, 8, and 12. Hemodynamic parameters were measured by right-heart catheterization at baseline and Week 12, both pre-and postinhalation (15 min).
Statistical Analysis
Neither a priori assumptions of treatment effect nor formal power calculations were used to estimate the sample size for this phase 2 study. Efficacy and safety analyses included all randomized patients who received at least one dose of study drug; efficacy analyses also required at least one postbaseline outcome data. One patient, randomized to receive placebo but mistakenly receiving iloprost, was analyzed with placebo for efficacy (intention-to-treat) and with iloprost for safety (per-protocol). Two iloprost patients were without postbaseline outcome data, thus leaving 32 iloprost and 33 placebo patients in the efficacy analysis.
Treatment differences were compared using analysis of covariance: rank analysis for change from baseline in 6-MWD (with ranked baseline 6-MWD as a covariate) and parametric analysis for Borg dyspnea score and hemodynamic parameters. Analyses of within-group changes used the Wilcoxon signed-rank test. Analyses of change in NYHA class used the Cochran-Mantel-Haenszel test, stratified by baseline class (improved, no change, worse). Time to clinical worsening, assessed by Kaplan-Meier methodology using the log-rank test, was prospectively defined as the occurrence of PAH-related death, hospitalization or early study discontinuation due to worsening PAH, initiation of new PAH-specific therapy, lung transplantation, or atrial septostomy. A post hoc exploratory analysis of clinical response used previously specified criteria (8) that required all of the following: greater than 10% increase in 6-MWD, improvement in NYHA class, and absence of clinical deterioration or death at 12 wk. Missing data for Week 12 efficacy assessments were imputed using the last-observation-carried-forward method. Safety was assessed by reported adverse events and serial laboratory measurements (complete blood count, urinalysis, and blood chemistries). Missing safety data were not imputed. Table 1 displays the baseline demographic, functional class, and 6-MWD data for all randomized patients. There were no notable differences among the treatment groups in any demographic or baseline characteristics. The mean (SD) baseline 6-MWD of the study group overall was 335 (67) m, with the majority (94%) of patients classified as NYHA class III (indicating a moderate severity of functional and exercise limitation). Approximately half (55%) had IPAH; 45% had PAH associated with a variety of conditions, including scleroderma, other connective tissue diseases, HIV infection, repaired congenital heart disease, and anorexigen use. Hemodynamic parameters were typical of patients with advanced PAH.
RESULTS
Study Population
The mean (SD) duration of prior therapy with bosentan was similar in the two groups: 17.6 (10.7) mo for iloprost patients and 18.8 (10.8) mo for placebo patients.
Treatment Exposure and Measurement of Treatment Compliance
Sixty-seven patients were randomized into the trial, of whom 34 were assigned to receive inhaled iloprost and 33 were assigned to receive placebo ( Figure 1 ). The mean number of study drug inhalations per day was 5.6 in the iloprost group and 5.7 in the placebo group. The mean total daily dose of study drug was 26.8 g (range, 2.5-32.4 g) in the iloprost group and 27.8 g (range, 11.6-33.3 g) in the placebo group. Definition of abbreviations: 6-MWD ϭ 6-min-walk distance; APAH ϭ associated pulmonary arterial hypertension; CO ϭ cardiac output; IPAH ϭ idiopathic pulmonary arterial hypertension; mPAP ϭ mean pulmonary artery pressure; NYHA ϭ New York Heart Association; PVR ϭ pulmonary vascular resistance. Overview of patients entered into the trial. 1 One patient allocated to placebo mistakenly received iloprost; 2 two patients were without postbaseline efficacy data; 3 the patient allocated to placebo who received iloprost is analyzed as a placebo patient in the efficacy analysis (intention-to-treat) and as an iloprost patient in the safety analysis (per protocol). PAH ϭ pulmonary arterial hypertension.
The majority of patients (93.8% in the iloprost group and 93.9% in the placebo group) were compliant with study drug therapy. No patient discontinued or reduced the dose of bosentan during the study. Table  2 ). The iloprost-associated improvement in 6-MWD was similar for patients with IPAH and patients with APAH, with a placebo- NYHA functional class. NYHA class improved in 34% (11 of 32) of iloprost patients versus 6% (2 of 33) of placebo patients at Week 12 compared with baseline (p ϭ 0.002; Table 2 ). The proportion of patients with improvement was similar among Definition of abbreviations: 6-MWD ϭ 6-min-walk distance; NYHA ϭ New York Heart Association. * The mean change values are derived from the mean of paired data and may not be the same as that derived by the difference in group means due to missing data.
Assessment of Efficacy
patients with IPAH and APAH, with 6 of 16 (37.5%) and 5 of 16 (31%) iloprost patients showing improvement, respectively, compared with 1 of 20 (5%) and 1 of 13 (7.7%) placebo patients showing improvement. No patient in the iloprost group experienced deterioration in NYHA class, whereas one patient in the placebo group declined from functional class III to IV.
Clinical worsening. During the 12-wk study, time to clinical worsening was significantly longer in iloprost-treated patients than in placebo patients (p ϭ 0.0219, log-rank test; Figure 3 ). None of the iloprost patients met the predefined criteria for clinical worsening, compared with 5 of the 33 (15.2%) placebo patients. Of these five placebo patients, four were hospitalized for worsening PAH. The fifth patient required additional PAHspecific therapy, and thus was unblinded after 4 wk and subsequently began open-label iloprost therapy.
Composite clinical response. At Week 12, 8 of 32 (25%) iloprost patients and 0 of 33 (0%) placebo patients met the criteria for clinical response (p ϭ 0.002).
Hemodynamics. From baseline to Week 12, a significant treatment effect was noted in postinhalation mean pulmonary artery pressure (Ϫ6 mm Hg for iloprost vs. ϩ2 mm Hg for placebo, p Ͻ 0.001) and pulmonary vascular resistance (Ϫ164 dyn · s · cm Ϫ5 for iloprost vs. ϩ81 dyn · s · cm Ϫ5 for placebo, p ϭ 0.007; Table 3 ). Changes in hemodynamic parameters did not reach statistical significance when measured preinhalation.
Safety
The most frequently reported adverse events in the iloprost group were consistent with the known side-effect profile of prostanoids, and included headache, flushing, and jaw pain (Table 4). In addition, side effects attributable to inhalation included cough, chest pain or discomfort, pharyngolaryngeal pain, and dry mouth. In most instances, these were mild or moderate in intensity and did not require alteration of therapy. One patient in the iloprost group and two patients in the placebo group reported syncope that did not require treatment and was without sequelae. There were no clinically important changes in laboratory tests (chemistry, hematology, urinalysis), and no patient had significant liver function test elevation.
Five iloprost patients (5/35, 14%) experienced five serious adverse events and 7 of 32 (22%) placebo patients experienced 12 serious adverse events, including worsening PAH requiring hospitalization in four placebo patients. Three events were considered by the primary investigator to be related to the study drug: headache and rectal bleeding in two patients on iloprost and right-heart failure in a patient receiving placebo. Two patients discontinued study drug treatment due to adverse effects: one patient receiving iloprost, with a history of migraine headaches, discontinued due to severe global headaches; the other patient, receiving placebo, discontinued due to anemia.
DISCUSSION
The goals of PAH therapy are currently evolving. Although oral bosentan and inhaled iloprost, as well as several other therapies, are efficacious in the treatment of PAH, no therapy is a panacea. Despite significant clinical, hemodynamic, and survival improvements, many patients remain with limitations of exercise capacity on monotherapy, and others who initially improve will not realize sustained improvement and deteriorate months to years after institution of therapy. As a result, it has been suggested that well-designed trials be conducted to evaluate the role of combination or sequential therapies in PAH (15) (16) (17) .
The STEP study is the largest randomized, double-blind, placebo-controlled trial completed to date that explores the use of incremental therapy for PAH. In this study, 67 patients with PAH treated with the dual-endothelin receptor antagonist bosentan for at least 4 mo were randomized to receive inhaled iloprost or placebo. The addition of inhaled iloprost to bosentan resulted in consistent improvements across a number of clinically important predefined efficacy measures. The placebo-adjusted difference in postinhalation 6-MWD at the end of the 12-wk period was 26 m (p ϭ 0.051). Among iloprost patients, the similar improvement seen preinhalation (ϩ29 m) and postinhalation (ϩ30 m) in mean 6-MWD at Week 12 compared with baseline suggests a prolonged beneficial effect on exercise capacity separate from that seen after acute inhalation. The mean change in 6-MWD observed in placebo recipients was small and likely reflects random variation. Functional class was improved in 34% of iloprost patients and 6% of placebo patients (p ϭ 0.002), the majority of whom improved from NYHA class III to class II. This is encouraging in light of two studies of long-term epoprostenol therapy that found survival was strongly correlated with NYHA functional class after 3 to 17 mo of therapy (NYHA class III/ IV vs. I/II) (4, 5) . Consistent with these clinical benefits, improvements were also noted in cardiopulmonary hemodynamics when Time to clinical worsening. Clinical worsening was defined as follows: death due to PAH, hospitalization for worsening PAH, early discontinuation from the study due to worsening PAH, the need for new chronic PAH-specific therapy (e.g., systemic prostanoids), lung transplantation, or atrial septostomy. p ϭ 0.0219 by the log-rank test for the comparison of the iloprost group with the placebo group at Week 12.
measured after inhalation, including mean pulmonary artery pressure, pulmonary vascular resistance, and mixed venous oxygen saturation, without adverse effects on systemic blood pressure or heart rate. In addition, improvements were also noted in the predefined endpoint of time to clinical worsening, as no Definition of abbreviations: arterial O 2 ϭ systemic arterial saturation; CO ϭ cardiac output; HR ϭ heart rate; mPAP ϭ mean pulmonary artery pressure; mSAP ϭ mean systemic arterial pressure; MVO 2 ϭ mixed venous oxygen saturation; PVR ϭ pulmonary vascular resistance; SVR ϭ systemic vascular resistance.
Numbers are given as mean (SD). * Some patients contributed baseline but not Week 12 data.
patient in the iloprost group and five patients in the placebo group met this endpoint during the 12-wk study period (p ϭ 0.02). Therefore, over the short-term, the addition of iloprost to bosentan may have a beneficial effect in modulating the progression of disease. Therapy with inhaled iloprost in addition to bosentan was well tolerated, and appeared safe, with an adverse event profile typical of the prostanoid class. Side effects related to the inhaled delivery system, such as cough, while common, were mild to moderate and did not result in treatment discontinuation. Syncope, which occurred in 8% of the iloprost-treated patients in the AIR study and was characterized as severe in 5% of those patients, occurred in only one iloprost-treated patient (nonserious) in our study.
In the one other placebo-controlled combination therapy trial that has been published to date, Humbert and colleagues randomized 33 patients with PAH initiating intravenous epoprostenol to receive either bosentan or placebo (18) . Improved hemodynamics, exercise capacity, and functional class were observed in both groups. Data showed a trend for a greater (though not statistically significant) improvement in all hemodynamic parameters in the combination group. However, an increased number of adverse events were observed in the combination group compared with the epoprostenol group. Although an important study, the practical implications of this study in the current day are limited because most patients with PH, with the exception of the most seriously ill, commence therapy with oral rather than intravenous agents.
Other data regarding combination therapy have been limited to small, open-label, uncontrolled case series in patients with an inadequate response (in the judgment of the investigators) to monotherapy. Hoeper and colleagues studied the effect of bosentan as add-on therapy in an open-label pilot study in 20 patients with IPAH receiving nonparenteral prostanoids (either inhaled iloprost [n ϭ 9] or oral beraprost [n ϭ 11]) (19) . After 3 mo of combination therapy, improvements were described for 6-MWD and in cardiopulmonary exercise testing parameters. Ghofrani and colleagues described a series of 14 patients with PAH who deteriorated after initial clinical response to treatment with longterm inhaled iloprost and in whom sildenafil therapy was added (20) . In this group, adjunct therapy with oral sildenafil improved the 6-MWD, functional class, and hemodynamics. Similarly, Hoeper and coworkers described the effects of combination therapy with sildenafil in a series of nine patients with IPAH in whom therapy with bosentan resulted in a transient improvement but subsequent decline in exercise tolerance (21) . Combination therapy with sildenafil resulted in improvements in exercise capacity as measured by the 6-MWD and cardiopulmonary exercise testing.
Among the three classes of medications currently available, and targeted at the abnormalities in the prostacylin, endothelin, and nitric oxide pathways, bosentan has become widely used as initial therapy for the majority of patients with functional class III PAH. For those who fail to achieve the desired clinical response with bosentan monotherapy, addition of a prostanoid is considered. Although intravenous epoprostenol and subcutanteous or intravenous treprostinil are options in this situation, both have serious drawbacks, including the invasive nature of the therapy, and adverse effects, including sepsis, life-threatening infusion interruption, and infusion site pain. These detrimental effects are circumvented with delivery of iloprost by inhalation. Thus, the combination of oral bosentan and inhaled iloprost is a logical treatment option in the current era. This combination proved to be both safe and effective in the current study. Notably, syncope was infrequent with combination therapy and less severe than in the AIR study, perhaps attributable to background therapy with bosentan.
In the current study, the exact mechanism of the demonstrated benefit of adding iloprost to bosentan compared with continuing bosentan alone remains unclear. In the absence of a third study arm in which iloprost replaced bosentan rather than being added to it, we are unable to discern whether continued bosentan offered any benefit, be it additive or synergistic, to inhaled iloprost. In fact, the observed clinical benefit may have been due to iloprost alone. Although this constitutes a limitation to the interpretation of the results of the study, it mimics current clinical practice, in which therapeutic agents tend to be added successively in failing patients rather than as a replacement. Nevertheless, the formal evaluation of withdrawal of bosentan (or other failing agent) at the time of initiation of inhaled iloprost may have important clinical and economic implications, and should be considered in future such studies.
In addition to the limitations imposed by study design considered above, other limitations of this study include the relatively small numbers of patients enrolled and the relatively short (12-wk) treatment period. However, the patients enrolled in the study were typical of patients enrolled into other PAH studies and included patients with IPAH and APAH with a variety of underlying associated conditions, without imbalance between the treatment arms. Another potential limitation is that of unintentional unblinding, due to the adverse event profiles of iloprost versus placebo.
Although the strategy of initial bosentan therapy and the subsequent addition of inhaled iloprost is a rational treatment paradigm in the current era, there are limitations of this strategy. Inhaled iloprost requires administration approximately six times per day, which some patients may find inconvenient. Although mild to moderate in nature, cough occurs in 40% of patients (vs. 19% in the placebo group). The treatment effects are most prominent postinhalation and may wane over several hours. Last, one needs to consider the expense of combination therapy and the relative cost-effectiveness of treatment with two expensive medications.
Progress in the treatment of PAH has led to the availability of multiple medications from three distinct therapeutic classes. Similar to the therapeutic approach for left ventricular systolic dysfunction, combination therapy with drugs from different therapeutic classes is likely to be the foundation of PAH therapy in the future. The results from this study suggest that the addition of inhaled iloprost to oral bosentan is a safe and effective treatment approach.
